Introduction
In front of and partly overlapping with the Carpathian fold-and-thrust belt, a sedimentary basin has developed mainly during Neogene to Quaternary times that is conventionally known as the Carpathian foredeep. More than 10 km of sediments have been deposited in the Focs¸ani Depression, located in front of the Bend Zone connecting the South and East Carpathians (Fig. 1) . Like other basins (e.g. Cloetingh et al., 1999b ) the south-east (SE) Carpathian foredeep contains information relevant to the understanding of deep-seated processes and their relationship with upper crust tectonics.
Two major factors call for a correct interpretation of the evolution of the SE Carpathian foredeep. The Focs¸ani Depression overlies the Vrancea earthquake zone, one of the most famous seismogenetic regions in Europe (e.g. Roman, 1970; Wenzel et al., 1998) . The Vrancea seismogenetic region is being imaged with increasing accuracy by tomographic studies, but still remains poorly understood (e.g. Wenzel et al., 1998) . For instance, the degree of coupling between the Vrancea cold body and the upper crust is still under debate (e.g. Garbacea and Frisch, 1998; Gvirtzman, 2002) .
Furthermore, the SE Carpathian foredeep has been the origin of currently popular theories, namely that of hidden loads (e.g. Royden and Karner, 1984) and that of laterally migrating slab detachment (e.g. Spakman, 1992, 2000 , and references therein; Meulenkamp et al., 1996; Wenzel et al., 1998) . With regard to hidden loads, modelling studies have shown that the topographic load of the Carpathians is insufficient to fit the observed foredeep geometry and an extra vertical force needs to be applied to the deep end of the subducting plate (Royden and Karner, 1984; Mat¸enco et al., 1997) . More recently, it has been proposed that slab detachment, predicted to occur during the last stages of continental collision, could ⁄ should migrate laterally, thereby imposing a characteristic pattern of vertical movements at the surface, namely subsidence followed by uplift of the orogen and surrounding basins (e.g. Wortel and Spakman, 2000) . This pair of events should laterally shift through time. Despite the lack of realistic dynamic models for the Carpathians, they have become a type locality to illustrate such processes.
Reconstruction of vertical movements plays a crucial role in the validation of these theories. It is thus surprising that no studies of the subsidence of the SE Carpathian foredeep exist apart from the sparse sections provided by Meulenkamp et al. (1996) . In this study, we use the detailed data reported in Mat¸enco et al. (2003) to present the first threedimensional (3-D) reconstruction of the subsidence history of the SE Carpathian foredeep system from Miocene to Quaternary times and to detect patterns of lateral depocentre migration. In addition, we compare our subsidence data with seismic sections, geochronological data and structural reconstructions (see Mat¸enco et al., 1997; Mat¸enco and Bertotti, 2000) to establish time and genetic relations among thrusting, exhumation ⁄ erosion and subsidence.
Carpathian shortening and foredeep characteristics
The SE Carpathian foredeep forms a basin several kilometres thick developed adjacent to and partly overlapping the mainly Tertiary Carpathian fold-and-thrust belt (Sandulescu, 1988; Stefanescu and working group, 1988; Mat¸enco and Bertotti, 2000) (Fig. 1) . Following pre-Early Miocene periods of deformation, the East Carpathians underwent Late Burdigalian and, more importantly, Sarmatian (12-10 Ma) WSW-ENE-directed contraction. The architecture of the thrust belt and of the adjacent foredeep changes along strike, influenced by the geometry and ABSTRACT A > 10-km-thick basin formed in Tertiary to Quaternary times in front and overlapping with the south-east Carpathians. The Focşani Depression is part of this system and overlies the Vrancea seismogenetic volume, thought to correspond to the remnants of the continental slab subducted beneath the Carpathians. Slab detachment and its lateral migration are considered to control vertical movements in the area. We present the first complete analysis of subsidence patterns in the Depression and derive a substantially different picture. The strongest subsidence is Sarmatian in age, coeval with the main nappe emplacement events. Subsequently, subsidence did not stop and persisted until present times despite cessation of thrusting. The main depocentre remained the Focs¸ani Depression and no significant lateral migration is detected. Post-Sarmatian subsidence is contemporaneous with major exhumation ⁄ erosion in the Carpathians. The evolution of the basin is associated with a combination of vertical and far-field horizontal stresses, and its position is controlled by pre-existing lithospheric heterogeneities. Mat¸enco and Bertotti, 2000) . In front of the central-northern part of the belt, i.e. north of the Trotus¸and Peceneaga-Camena faults ( Fig. 1) , the foreland is underlain by the stable, thick and mechanically competent East European ⁄ Scythian ⁄ North Dobrogea block Lankreijer et al., 1997) . The contractional belt is thin-skinned and narrow with high internal shortening and low offset over the foreland (Mat¸enco and Bertotti, 2000) . The corresponding foredeep basin has been largely incorporated in the advancing orogen, which nearly reaches the strong East European Platform. As a consequence, the present-day foredeep basin is merely a few tens of kilometres wide ( Fig. 1 ). In the southern part of the East Carpathians where the foredeep is underlain by the thin and mechanically weak Moesia (South and Central Dobrogea) Block, the thin-skinned belt is wider and thicker, with low internal shortening and high offset over the foreland.
In the South Carpathians, the foredeep is underlain by the thin and weak Moesian (Valaihian) Platform Mat¸enco et al., 1997) . Similarly to the southern part of the East Carpathians, the thinskinned portion of the thrust belt is wide and thick, with low internal shortening and low offset over the foreland. Shortening is essentially of Sarmatian age, was directed roughly NNW-SSE and up to 15-20 km in magnitude (e.g. Mat¸enco and Bertotti, 2000 , and references therein). The The Focs¸ani Depression, the thickest basin in the SE Carpathian system, is located in this part of the foredeep. The mechanical differences between the two lithospheric blocks underlying the orogen are reflected in the presentday stress-field. The compressional direction is NNW-SSE to N-S in the Moesian block and E-W in the northern block (e.g. Bada et al., 1998) .
Constraints from subsidence analysis
Vertical movements in the Carpathian foredeep are derived from the compilation of > 100 stratigraphic profiles obtained from wells and extracted from interpreted and depth-converted seismic sections ( Fig. 1 ) (see Mat¸enco et al., 2003, for details) . We have chosen to consider only data points located in front of the most external thrusts in order to avoid uncertainties related to their palinspastic positions. Stratigraphic columns have been backstripped to derive time vs. depth-of-basement curves and subsidence rates (e.g. Bond and Kominz, 1984) . Detailed water depth estimates are typically not available from the area but deep-water sediments are the exception rather than the rule, thereby reducing the possible error associated with our curves. Water depths have been neglected also in published studies (e.g. Meulenkamp et al., 1996) . We have removed those parts of curves showing subsidence prior to foredeep formation, i.e. before Miocene times. This is the case, for instance, for localities in the western part of the Carpathian basin, which experienced Late Oligocene to Early Miocene transtensional-related subsidence (e.g. Mat¸enco et al., 1997; Rabagia and Mat¸enco, 1999) . The 1-D data have then been compiled and contoured to derive a map view of the subsidence history of the Carpathian basin.
The South Carpathian foredeep
Two sets of curves are shown in Fig. 2(A) derived from the internal, i.e. NW, parts of the basin (curves 1, 2, 3 and 4) and from the external, i.e. SE, parts of the basin (curves 5 and 6). Curves from the NW show Early Miocene subsidence resulting from the aftermath of Palaeogene extension (Rabagia and Mat¸enco, 1999) and from the onset of foredeep development. Curves in the SE show a younger, Late Badenian, onset of subsidence in accordance with the overall Burdigalian to Sarmatian southward migration of the thrust front. Maximum subsidence occurred during the Sarmatian and affected the entire basin. During this period, subsidence in the south was larger than that in the north. Subsidence continued, although at a much lower rate, throughout the Pliocene. Comparison with thrusting kinematics shows that subsidence in the South Carpathian foredeep was thus pronounced during nappe emplacement but persisted also later, coeval with minor thrusting ⁄ loading (Fig. 2A) .
The foredeep of the Bend Zone South of the Trotus¸fault
The Bend Zone foredeep inclusive of the Focs¸ani Depression rests on the mechanically weak Moesian ⁄ Dobrogea block. Subsidence began in the Badenian (Fig. 2B) , reached a maximum during the Sarmatian and persisted during Meotian to Quaternary times with depositional rates that are somewhat lower than those during the Sarmatian. The initial stages of subsidence were roughly coeval with the main thrusting events in the Carpathians. Subsidence, however, continued also subsequently, in a period of reduced orogenic deformation, limited to a few Pliocene thrusts (e.g. Hippolyte and Sandulescu, 1996) .
The East Carpathian foredeep North of the Trotus¸fault
Curves for the East Carpathian foredeep (Fig. 2C ) also show high Sarmatian subsidence, coeval with the main shortening episodes. Following 
Vertical movements in the foredeep and surrounding regions
Badenian to Meotian (16-8.5 Ma)
Two main depocentres are found during the Badenian to Meotian interval, in front of the Bend Zone and in the western part of the South Carpathian foredeep (Fig. 3A) . Subsidence is high in both areas, with kilometre-thick successions being deposited. The main subsiding area was located in front of the Bend Zone and accommodated > 7 km of sediments. The basin is elongated in a NNW-SSE direction and oblique with respect to the East Carpathian structural grain. In the south, the basin has a fairly symmetrical shape, with the internal border being detached from the front of the thrust belt. Moving northwards, the basin axis becomes closer to the main thrust front and is eventually incorporated in Carpathian thrusting.
In the western end of the South Carpathian foredeep, strong subsidence occurred some 50 km to the south of the frontal thrust and enabled the accumulation of > 3 km of sediments. Subsidence also affected the adjacent segments of the thrust belt. Marine sediments of Badenian age onlapped and sealed older contractional structures, as seen in seismic lines (Rabagia and Mat¸enco, 1999) and in the field (Mat¸enco et al., 1997) .
Strong subsidence in front of the East and South Carpathians roughly corresponds in time with active exhumation and erosion in the adjacent segments of the Carpathian orogen (Sanders et al., 1999) where 4 km were removed during Miocene times.
Pontian (8.5-5 Ma)
Pontian subsidence (Fig. 3B) is less widespread than the Badenian-Sarmatian subsidence. Some domains, such as the area NW of the Trotusf ault and the westernmost part of the South Carpathian foredeep, show a decrease in subsidence. On the opposite side, the main depocentre located south of the Trotus¸fault remains strongly subsiding, with up to 2.5 km of sediments being deposited throughout the considered time period. During the Pontian, exhumation and erosion continue in the East and South Carpathians, while the orogen in the Bend zone was still fairly stable (Sanders et al., 1999) .
Dacian to Present (5-0 Ma)
Strong subsidence continued in the Focs¸ani Depression during Dacian to Quaternary times (Fig. 3C) . The subsiding area overlaps that characterized by Sarmatian subsidence and is wider than the Pontian one. In more detail, the depocentre has moved away from the belt towards the south-east and is completely detached from it. The strongly subsiding Focs¸ani Depression was partly bounded by two uplifting domains. To the north-west, exhumation and erosion of the Carpathian Bend Zone started around 4 Ma (Sanders et al., 1999) and involved also the NW-most parts of the older basin. A rock column of around 5 km was removed in the considered interval from this part of the Carpathians (Sanders et al., 1999) . Upward movements are associated with only limited amounts of shortening (Hippolyte and Sandulescu, 1996; Mat¸enco and Bertotti, 2000) . To the east of the Focs¸ani Depression, westward-dipping normal faults developed parallel to the boundary of the East European Platform.
Consequences for basin-forming processes
Lateral depocentre migration?
One of the most apparent features emerging from our subsidence analysis is the first-order persistence of subsidence patterns through space and time. To visualize our findings we have derived subsidence rates for a large number of profiles along the foredeep and plotted them in a single diagram (Fig. 4) . This diagram demonstrates:
1 That all domains display the same pattern of lateral changes of subsidence rate with time. This is to say that, for instance, the strongest subsidence in each locality is of Sarmatian age. 2 That all time slices show the same lateral pattern of subsidence rate variations. During each time slice, the strongest subsidence rates are always found in the same area.
Since the Badenian, the domain with strongest subsidence has always been the Focs¸ani Depression (Bend Zone). 3 The basin-wide character of subsidence episodes and the spatial persistence of depocentres do not support models of lateral migrations of slab detachment during the considered time interval.
Thrusting, exhumation and subsidence
A particularly interesting result of our analysis concerns relations among thrusting stages, episodes of exhumation ⁄ uplift and subsidence patterns in the basin. The first rele- Fig. 4 Subsidence rates plotted along a longitudinal profile roughly parallel to the orogenic front (see Fig. 1 for the trace of the profile). The thin lines indicate the position of the stratigraphic columns used. Roure et al., 1993; Artyushkov et al., 1996; Chalot-Prat and Girbacea, 2000) . Indeed, subsidence accelerated during the Sarmatian, demonstrating a positive correlation with thrust-related loading. However, note also that strong Sarmatian subsidence has affected the South and West Carpathians (Krzywiec, 2001) and regions inside the Carpathian arc, namely the Transylvania Basin and the Pannonian basin (Horvath, 1993) . Following the end of the Sarmatian, subsidence did not cease and continued particularly in the Focs¸ani Depression. The minor shortening taking place in the SE Carpathians during this period is obviously insufficient to create the load required by the observed subsidence. The second relevant observation is that post-Sarmatian subsidence in the Focs¸ani Depression is coeval with exhumation ⁄ erosion in the area to the east of the basin (Fig. 5A ). This is largely incompatible with models in which vertical movements are essentially controlled by the load of the subducted plate and of its late-stage detachment. Numerical models predict in this case vertical movements of the same sign (subsidence before and uplift after detachment) over the entire convergence area, i.e. in the upper plate, in the orogen and in the lower plate (Fig. 5B) . The overall pattern of post-Sarmatian vertical movements recalls much more closely that predicted by lithospheric buckling associated with horizontal loads (Fig. 5C ) (e.g. Cloetingh et al., 1999a; Bertotti et al., 2001) . The strong lateral heterogeneities of the lithosphere of the region imposed a further control in localizing subsidence in weak domains for long periods of time.
